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Ab initio molecular orbital calculations have been performed to develop an elementary reaction mechanism
for the autocatalytic and scavenging reactions of hydroxylamine in an aqueous nitric acid medium. An improved
understanding of the titled reactions is needed to determine the “stability boundary of hydroxylamine” for
safe operations of the plutoniuauranium reduction extraction (PUREX) process. Under the operating
conditions of the PUREX process, namebyM nitric acid, the reactive forms of hydroxylamine are XHH,
NH3;OH*, and the complex NBDH-NQOs;, and those of nitrous acid are NOH,ONO™, N>O4, N2O3, NO;,

and NO. High-level CBSQB3/IEFPCM and CBSQB3/COSMO calculations were performed using GAUSS-
IANO3 to investigate the energy landscape and to explore a large number of possibienipion—radical,
ion—molecule, radicatradical, radicat molecule, and molecutemolecule pathways available to the reactive
forms of the reactants in solution. It was found that in solution the autocatalytic generation of nitrous acid
proceeds through free radical pathways at low-hydroxylamine concentrations from unprotona@id &l
hydrogen abstraction. At high [Nd@H*], we suggest a possible involvement of the JMO* intermediate

via the reaction NEONO + NO, — HNO + HONO + NO. The NHONO" intermediate, in turn, is formed
favorably via the iom-ion reactions of NHOH" with NO' and/or the reaction between NQCand
hydroxylammonium nitrate (HAN). The intermediates involved in the scavenging reaction of nitrous acid by
hydroxylamine are N6EDNO", NH,ONO, NH,(NO)O, NH(NO)OH, and HONNOH and the rate-determining

step is the 1,2-NO migration in NMNO leading to NH(NO)O. Reactions NBDNO — NH3(NO)O and
NH2(NO)O — NH(NO)OH were studied with two explicit water molecules and the results are discussed in
the context of the importance of the explicit treatment of solvent in the determination of the energetics and
mechanism of these processes. The rate constants for the reactions were estimated using transition-state theory
and other traditional techniques. The kinetic parameters obtained at the B3LYP/CBSB7/IEFPCM level are in
reasonable agreement with the limited experimental value. IEFPCM results on free energy of undelocalized
polar ions such as N, NO,~, and NHSOH™ are not very accurate and have difficulties in predicting the
right direction of acid dissociation equilibrium of HONCHONO, and NHOH*. Explicit incorporation of

a solvation shell to these ions improves the theoretical descriptions of acid ionization equilibria as it captures
some of the nonlocal effects of these ions. Additional work is needed to correctly describe the solvation shell
and to introduce consistency in the theoretical treatment involving explicit solvent molecules. Nevertheless,
this systematic exploration of reactions in solution and mechanism development for a solution phase process
based on self-consistent reaction field (SCRF) results is likely to be one of the first of its kind.

Introduction autocatalytic oxidation by nitric acid (reaction 2

Hydroxylamine has been uskds a reagent in nuclear fuel " n
reprocessing (PUREX: plutoniururanium reduction extrac- NH;OH" + HONO— N,O + H,0 + H;0 1)
tion) for the reduction of Pu(IV) to Pu(lll) and in the separation + "
of plutonium from uranium in nitric acid solution. Nitrous acid, NH;OH" 4+ 2HONG, + 2HONO— 5SHONO+ H;0™ (2)

a powerful catalygtin the reoxidation of Pu(lll) to Pu(IV), often ) ) o
coexists in such solutions. Consequently, for many decades, thel € global reaction (eq 2) is autocatalytic in the sense that more
general chemistry of hydroxylamine in solutions containing moles of the reactant HONO are formed as product than initially

nitric and nitrous acids has been a subject of interest. It was @vailable, leading to an increased reaction rate as a function of
found that hydroxylamine can either act as a nitrite scavénger ~ time. However, the presence of nitrous acid is essential for

(reaction 1) or it may undergo a nitrous acid catalyzed reaction 2, and in its absence, a substantial induction period
has been observed experimentally. The autocatalytic exothermic

* Corresponding author. Department of Chemistry, Oakwood College, reaction has the potential to generate large amounts of heat and

HuTntsviIIe, AL 35896 gases. Therefore, it is important to fundamentally understand
. 33‘;‘;";’0"ﬁu§;’t‘§?§éﬁtute of Technology the reaction mechanism to define safety limits, propose alterna-
s Duke Cogema Stone & Webster. tive methods for preventing this autocatalytic reaction, and
'Los Alamos National Laboratory. properly design the processing equipment.
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Different research groups have experimentally investigated no appreciable concentration of WQOn solution. Consequently,
the kinetics, mechanism, and stoichiometry of the reaction of the equilibria of importance for HONO are given in reactions
hydroxylamine with nitrous and nitric acid in acidic nitrate and 13—15.
perchlorate media. The mechanism of the reaction seems to

depend on the ionic strength, and the distribution of products 2HONO==N,0; + H,0 (13)
depends on the initial concentration of HONO, ", and ot

HONO,. Reaction 2 or formation of nitrous acid is reportéal HONO+H"=NO" + H,0 (14)
be favored by an increase in [HONa decrease in [NK HONO + HONO, = N,O, + H,0 (15)

OH™], and an increase in temperature. Stedfrfqumoposed the

mechanism for the scavenging reaction 1 in perchlorate mediumg, typical acid concentrations employed in the PUREX process,
with isomer!zation of O-nitrosated intermediate in (5) as the Longstoff and SingéP have demonstrated that no appreciable
rate-determining step. conversion of HONO to N® or N,O4 occurs at [HONG)| < 4

M. Hence, the latter two species are postulated to be reactive

HONO+H" =NO" +H,0 ) intermediates. Nitric acid is a very strong acid with laof
i b . 4 —1.44, and at low concentrations it exists predominantly as
NO™ + NH;OH™ = NH;ONO" +H (4) NOs;~ and H (reaction 16). The calculated concentration of
b n undissociated nitric acichia 6 M HNG; solution based on the
NH,ONO ONNH,OH ®) pKa value amounts to 0.93M. Consequently, there is the
. + possibility for undissociated nitric acid to react with kb form
ONNH,OH HONNOH+ H ®) NO," and water. In ordinary nitration reactions, the conventional
HONNOH— N,O + H,0 (7) procedure is to employ a strong acid such as sulfuric acid

together with nitric acid for the generation of the electrophile,

Pembridge and Stedm@also suggested a sequence of reaction
steps for the autocatalytic process 2. Here, the reaction©f N
and hydroxylamine, (9), is believed to be the rate-determining
step.

+ — rapid
HONO+ H™ + NO;” i m=N,0, + H,0  (8)
N,O, + NH,OH=2: HNO + N,O, + H,0  (9)
N,O, + HNO — HONO + N,O, (10)
N,O; + H,0 == 2HONO (11)
NH,OH" = NH,OH + H" (12)

nitronium ion. Though there is no acid stronger than nitric acid
in the mixture, we consider that the concentration of undisso-
ciated nitric acid is appreciable for the formation of nitronium

ion (reaction 17), another likely reactive intermediate in

autocatalytic pathway.

HONO,=H" + NO,~ (16)

HONO, + H"=NO," + H,0 17
N2O3; and NO4 formed from reactions of HNEhave shallow
minima in potential energy space and hence relatively low
stabilities due to the presence of many lone pairs of electrons.
The molecular structure of the higher oxides of nitrogen can
be symmetric, viz., ONO—NO, O,N—NO,, or asymmetric,
viz., ON—NO and QN—O—NO, with a weak N-N or N—O

Although a significant amount of research has been conductedbond. Consequently, they exist in rapid equilibrium with the
in relation to the PUREX process, the mechanisms proposed toradicals NO and NGQ-.
account for the autocatalytic and scavenging reactions are most

definitely not elementary; however, they do provide a good
starting point for developing a detailed mechanism. Another

shortcoming associated with the previous kinetic data is the

limited range over which kinetic information was collected.
Much of these data fall in the 27298 K temperature range,

N,O, = NO + NO’ (18)

N,O, == NO, + NO, (19)

In the present work, we explore the possible ground-state

whereas the operating temperature of PUREX extraction unit potential energy surfaces leading to reactions 1 (scavenging)

is in the range 313333 K.

and 2 (autocatalytic) in solution involving the neutral molecules

Over the past 2 decades, quantum chemical methods,(viz., NH,OH, NH;O, HONO, HONQ, N;Os and NOu),
computer hardware, and rate theory have so improved that onecations (viz., NHOH*, NO*, NO,*, (ON)NHOH*, (O,N)NH,-
can fairly accurately predict reaction-rate constants for gas-phaseOH*, and (ONO)NHOH™), anion (NQ~, NOs™), free radicals

reactions a priori, without extensive experimental correlations

(viz., NO, NOy*, NH,Or, and OH) and the complex NEOH-

or qualitative rate-estimation procedures. The goals of this work NO3 (HAN). Almost all ionic and neutral species considered

are to characterize the elementary steps involved in reactions 1in this study have singlet electronic configuration in their ground
and 2 using quantum chemical methods and to estimate thestate except for the radicals that are doublet. Consequently, the
performance of continuum solvation models in predicting the molecule-molecule, molecuteion, ion—ion, and radicat
solution phase thermochemical and kinetic reaction parametersradical reactions are investigated on their singlet surface while
Since reactions occur in the presence of nitric acid, it is molecule-radical and ioaradical have been investigated on their
important to consider all possible ionic species and—on doublet surface. The excited state of interest in this family of
molecule, ior-radical, and ior-ion reactions in addition to free  molecules is the tripletat state of the N=O/NO, functional
radical reactions in solution. group. However, we do not expect any significant contribution
In agueous solution, thekp of NH3OH™ is 5.96 and there is  from the excited triplet states in the proposed mechanism
no evidence in the literature for further protonation of NH  because of the temperatures at which PUREX process is being
OHT. Raman spectfaof hydroxylammonium nitrate solution  performed (313-333 K).
did not rule out the possibility of higher-order ion-pair com- Our goal is to derive necessary thermochemical and kinetic
plexes, NHOH-NOs;. The Ky of HONO is 3.15, suggesting  parameters for detailed modeling from quantum chemical
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continuum solvation methods coupled with conventional transi- hindrance potential and its thermochemical properties is given

tion-state theory. In the next section, we present the rigorous in detail in one of our earlier publicatiod&Thermal correction,

methodology of deriving them. In the subsequent section we entropy, and heat capaciG(T) were then calculated from the

present our thermochemical results in comparison with the partition function using the statistical machinery. The heat of

existing experimental data, wherever possible. Subsequently,formation of the molecule in solution is obtained from the gas-

we explore potential energy surfaces leading to the formation phase heat of formation and the enthalpy of solution at 298.15

of N2O4 and NOs, viz., the intermediates suggested in the K.

autocatalytic pathway (reaction 3 and reverse of reaction 7) from  The rate constant of a reaction4AB — product in solution

reactions between HNG (y = 3, 2, 1). Then we discuss was calculated based on transition-state theory using the well-

pathways for the formation of NONO," and NHONO* known formula

intermediates from different forms of hydroxylamine (viz., NH

OH, NH3OH*, and NHOH.NG; ) together with NO, NO;*, kkgT —AGH

NO*, NO2", N2O4, HONO, and HONG. The former intermediate k= h ke T

is expected to play a key role in the autocatalytic pathway while

D SCayeng Rl Ve). Th Seelon wheren i th free energy of acivaion nsolion ahd

leading to HNO and HONO formation in reaction 2, namely is the Boltzmann constant. Th(_a calculat€d) was then fitted

the potential energy surface (PES) corresponding t(; reatctionsto the three-parame_ter Arrhemus expr essigi) = AT" exp-
—E4/RT), for effective use in modeling. The rate constant
alculated using transition-state theory does not include tun-

9—11. The final results section addresses the reactions of interes
neling contributions at low temperatures for hydrogen migration

in the scavenging reaction 1.

) reactions. To account for quantum mechanical tunneling effects,
Computational Methodology we calculated the transmission coefficient§T), using the
simple Wigner perturbation theory formdla

Standard ab initio molecular orbital theory calculations were

performed using the GAUSSIAN®3suite of programs. The v\2
geometry of the reactants, products, and transition states (TSs) KT =1+ i(l. 44_')
of the reactions considered in the present study were optimized 240 T

at the B3LYP/CBSB7 level. CBSB?7 is the basis set that can be ) ] ] ) )
represented in conventional form as 6-311G(2d,d,p). The Where v is the magnitude of the imaginary frequency in
energies were calculated using the CBS method, CBSQB3 of reciprocal centimeters corr_espondlng to the re_act|on_coord|nate
Montgomery et al'2 which combines the extrapolated CBS at the transition state arlis the temperature in kelvin.
second-order limit with higher-order correlation [MP3, MP4,
CCSD(T)] energies derived at a relatively smaller basis set for
the accurate calculation of molecular energies. The ab initio  The main problem with the attempt to characterize thermo-
heats of formation of molecules in gas phase at 298.15 K were dynamic properties of transition states via ab initio calculations
obtained from the calculated heat of atomizatiof & and the is that there is no direct means to prove the accuracy of the
experimental heat of formation of atoms using the commonly results. Thus, one is left with indirect justifications, such as
adopted procedutg including corrections' for spin—orbit comparison with results for stable species or verification of
interaction from the energies of the atoms and isodesmic bondtheoretically computed reaction rates based on transition-state
additivity corrections. properties with experimental data. Consequently, we first draw
The solution phase calculations were completed with the our attention toward the stable species and radicals before
IEFPCM model as implemented in GAUSSIANO3 using UAHF  dealing with transition-state structures.
radii at the same level of theory. The equilibrium geometry of ~ Thermochemistry and Proton Affinity of Stable Species.
all neutral and ionic species was optimized at BSLYP/CBSB7 The calculated gas-phase heats of formation in kcal/mol based
level with the polarized continuum model (PCM) for the solvent on CBSQB3 results for NQ N,Ox and HNQ are compared
using the integral equation formalism appro®ciEFPCM). with experimental values in Table 1 at 298 K. The calculated
The free energy of the molecule in solutionGeK is provided gas-phase thermochemistry is in good agreement with available
by GAUSSIANO3. Thermal corrections were made using the experimental values.
frequencies and moments of inertia of the molecule obtained Since we will mainly be dealing with cations and anions, it
from the IEFPCM calculation. The total partition function of is worthwhile to compare the predictions of CBSQB3 for ionic
all species was calculated within the framework of the rigid- species. The gas-phase proton affinity (PA) has been measured
rotor—harmonic-oscillator approximation with corrections for experimentally for important species such as hydroxylamine and
internal rotation. The scaled harmonic vibrational frequencies nitric acid. The PA of hydroxylamine was determif@darlier
and the moments of inertia were used to calculate the rotationalby the G1 method to be 194.1 kcal/mol for protonation on
and vibrational partition functions, entropies, and heat capacities.nitrogen and 167.5 kcal/mol for protonation on oxygen. The
Some low-frequency torsional motions about the single bonds theoretical value found by Angelelli et &.is in excellent
between polyvalent atoms were treated either as a free rotor oragreement with their own experimental value of 194.1 kcal/
as a hindered rotor, depending upon the barrier for the rotor's mol determined by the bracketing method. The values calculated
rotation at the B3LYP/6-31G({HIEFPCM level. The hindrance  in the present work at CBSQB3 level are 194.8 and 167.8 kcal/
potential for the internal rotation was obtained by optimizing mol, respectively, and are in good agreement with earlier data.
the N — 7 internal coordinates, except for the dihedral angle, Ab initio molecular dynamics (MD) simulatiéf of the proto-
which characterizes the torsional motion. The dihedral angle nation of nitric acid by a bare proton suggested,N@ H,O
was varied from 0 to 360in 30° increments. The potential to be the major product and the proton affinity for the most
energy surface thus obtained was then fitted to a Fourier seriesstable protonated form NO(H,0) was found to be 179.9 kcal/
> vAm cosfgp) + B sin(mg) with m < 8. The procedure to  mol. At the CBSQBS3 level, the calculated proton affinity is
obtain the hindered rotor partition function associated with this 178.7 kcal/mol and the dissociation energy of N(,0) to

Results and Discussion
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TABLE 1: Comparison of CBSQB3 Calculated Heats of Formation with Experimental Data® for the Major Species in Gas
Phasé

CBSQB3 CBSQB3

species calculated experimental species calculated experimental
NO —26.02 —26.42 NO 236.8 NA
NO, 7.83 7.91 NGQ* 229.1 NA
NOs 16.89 17 NO- 21.7 21.66
N2O 19.61 19.61 IN[52 —44.6 —44.2
N20; (trans) 59.30 NA NG —74.4 —73.2
N2O3; (ONONGy) 21.0 NA HNO 25.37 23.8
N2O3 (ONNGy) 20.12 19.8 HONO —18.33 —18.34
N2O4 1.65 2.17 HONQ@ —32.15 —32.10
N2Os 2.33 2.707 NHOH —11.3 —-11.4
NH,0O 14.12 NA NHOH" 159.17 161.6

2 Heats of formation are given in kcal/m&INA stands for nonavailable data.

TABLE 2: Thermochemical Properties Calculated at the BALYP/CBSB7/IEFPCM Level for the Species Involved in
Autocatalytic and Scavenging Reactions of Hydroxylamine

Cy(T) [solution phase values]

molecules AsH?%8 Al 300 400 500 600 800 1000 1500
H0 —64.23 46.51 8.01 8.17 8.41 8.68 9.26 9.85 11.17
HONO; —38.06 64.40 13.18 15.38 17.14 18.53 20.49 21.77 23.56
HONO —23.17 59.33 10.90 12.32 13.46 14.46 15.67 16.58 17.94
NH>OH —19.27 57.00 10.82 12.28 13.70 14.96 17.00 18.59 21.33
N2H4 12.26 56.09 11.28 13.27 15.23 16.97 19.83 22.07 25.84
NOs™ —136.42 60.14 10.78 12.68 14.24 15.42 16.98 17.88 18.92
HsO* 32.31 46.38 8.71 9.53 10.40 11.24 12.81 14.15 16.46
HAN —70.13 89.77 21.68 25.95 29.79 33.05 38.06 41.61 46.83
NHs;ONO,* 112.79 72.70 17.51 20.91 23.94 26.51 30.48 33.29 37.41
NoHs* 95.45 57.43 11.35 13.77 16.25 18.52 22.32 25.30 30.24
ONONG, 9.64 83.94 17.78 20.18 22.05 23.50 2551 26.75 28.28
O,NNO; 3.47 78.70 17.65 20.17 22.18 23.78 26.02 27.41 29.11
NO, 9.83 57.33 8.85 9.60 10.32 10.94 11.87 12.46 13.19
NH2O 6.47 55.71 10.09 10.84 11.68 12.48 13.87 14.99 16.89
HNO 22.4 52.73 8.08 8.43 8.92 9.45 10.42 11.20 12.38
ONONO 20.87 75.57 15.72 17.30 18.60 19.67 21.25 22.26 23.54
NO,~ —110.28 56.60 8.92 9.82 10.63 11.29 12.19 12.72 13.33
NO* 157.75 47.32 6.96 6.98 7.04 7.14 7.43 7.72 8.23
NO 25.08 49.02 6.97 7.04 7.19 7.37 7.74 8.03 8.45
NHs;OH 66.32 56.62 10.63 12.63 14.68 16.56 19.69 22.13 26.07
N2O 18.19 52.49 9.19 10.13 10.87 11.48 12.40 13.03 13.91
t-NH;ONO* 120.06 74.40 15.29 17.47 19.58 21.49 24.61 26.96 30.64
t-NH,ONO 15.62 67.73 15.98 18.18 20.05 21.60 23.95 25.63 28.19
ONNH;O 23.18 67.55 15.66 17.90 19.81 21.39 23.84 35.59 28.24
ONNHOH 1.46 66.98 15.91 18.26 20.25 21.88 24.32 26.01 28.50
ONNH* 171.24 56.45 10.10 11.33 12.32 13.11 14.33 15.29 16.98
NO,* 154.53 51.12 8.99 9.91 10.65 11.27 12.22 12.88 13.82
NH3OH.H,O 7.06 76.66 19.19 21.92 24.59 27.02 31.12 34.40 39.96
NH,ONO, 1.11 71.27 18.30 21.37 23.88 25.89 28.82 30.84 33.78
NHO" 132.82 55.12 8.41 9.26 10.33 11.42 13.35 14.84 17.08
HONNOH —10.51 65.95 16.00 18.45 20.42 21.98 24.25 25.83 28.25
HONN* 163.95 59.04 10.83 12.01 13.02 13.90 15.34 16.41 17.97

3 AiH?®8 is in kcal/mol, &° and Cy(T) data are in cal mof K1

nitronium ion is 16.3 kcal/mol. The latter value is in good level for HNQ, species are in good agreement with the available
agreement with the experimentally determined value of #4.8  experimental data.

2.3 kcal/mol by Sunderlin and Squirés.There are two The solution phase thermochemistry of all relevant species
distinguishable oxygen sites in nitrous acid: the terminal oxygen considered in the autocatalytic and scavenging pathways has
site and the central oxygen site. Protonation on the central peen compiled in Table 2. There are not enough experimental
oxygen yields a loose complex betweegHand NO. The ab  data available for its comparison; however, it is observed that
initio proton affinity in the gas phase of nitrous acid is 186.6 the B3LYP/CBSB7/IEFPCM or CBSQB3/IEFPCM methods do

kcal/mol, and the calculated dissociation energy of Kt@O) not reproduce the stabilities of ionic species in solution very

to nitrosonium ion and water is 18.5 kcal/mol. well. The AG® at 298 K for the acid dissociation of HONGs
The experimental gas-phase acidities of HQNBONO, — 0.56 kcal/mol, as opposed t61.96 kcal/mol (from [, of

H* + NOz~) and HONO (HONO— H™ + NO;") can be —1.44), and for NHOH™ the value is 5.97 kcal/mol instead of

obtained from the gas-phase heats of formation of the neutrals8.13 kcal/mol (from K, of 5.96). These errors are most likely
and the ions and are 324.1 and 339.3 kcal/mol, respectively.caused by the undelocalized and polar nature of thg N@d

The experimental heat of formation of gaseousiéh is 365.2 NH3OHT ions, which in a liquid show nonlocal polarization
kcal/mol. The calculated values for the corresponding acidities effects. Explicit consideration of a solvation shell improves the
of 323.5 and 339.5 kcal/mol, respectively, are in good agreementdescription. However, from a theoretical point of view, such a
with experimental datd In summary, the thermochemical procedure introduces some degree of arbitrariness into the
parameters and gas-phase acidities calculated at the CBSQBg&alculation, because one is not sure about the specific complex
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transition states, viz., the magnitude of the imaginary frequency
(in cm™1) and the barrier heights (in kcal/mol) for the gas phase
and solution phase. Also included are the rate constant¥ (cm
(mol K)) at 298 K together with the fitted\, n, and E4R
parameters for the solution phase. These parameters are obtained
by fitting k(T) calculated from 298 to 398 K in steps of 5 K.

In general, molecular reactions are less common in solution
phase compared with the gas phase and they are expected to
proceed slower. Here the reactants are overall neutral, though
polar, and the activated complexes are also overall neutral.
Qualitatively, existence of charge distributed over the activated
complex would encourage solvation. The greater the degree of
charge separation in the activated complex, the greater will be
the impact of solvation and in turn an increased orientation of
the solvent on activation. Consequently, the entropy of activation
in solution phase will be decreased compared with its gas-phase
values. However, the enthalpy of activation be only slightly
affected because of changes in solvation pattern compared with

Figure 1. B3LYP/CBSBT/IEFPCM optimized geometries of molecular (€ gas phase. The changes in solvation pattern on activation

elimination transition states for the reactions between K@ = erend on th? degree of cha_lrge separation. This would result
1,2,3). The value of bond length along the breaking and forming bonds in slight lowering of AH* relative to the gas phase.
in the reaction coordinate is given in angstroms. In regard to the autocatalytic reaction pathways, the kinetics

) of reactions 20 K; and k-;) and 22 ks and k_3) are very

and the number of solvent molecules that should be included important. They correspond to reactions 8 and the reverse of
in the solvation shell. Cons.equently, we do.not advocate thls reaction 11 in the proposed mechanism by Stedman. Schwartz
approach. A better alternative would be to introduce polariz- 5nq \Whité2 have given a comprehensive review of the rate
ability corrections to the quantum chemical treatment, but such ¢onstants of aqueous phase reactions involving nitrogen oxides.
an approach is not available in any of the existing quantum The value recommended flary is 7 x 107 M~1 571, with 3.5
chemical codes. This under- or overestimation of the stability 17 and 1x 108 as the lower and upper bounds, respectively.
of ionic species in solution is anticipated to be systematic and pgrk and Let measured_; at 22°C to be (8.4+ 1.5) x 107
is expected to cancel out while calculating the barrier heights \1-1 ¢-1_ |t must be stated that @] is lumped into the rate
involving ionic reactants and transition states. constant and is not therefore directly comparable with our

Formation of N2Ox (x = 2, 3, 4) from HNOx (x =1, 2, 3)  calculated rate constants. The calculated barrier height for
Molecular Elimination Reactions. As can be seen from Table | ayerse reaction 20 is 4.5 kcal/mol at CBSQB3 level but only
1 and the previous section, the agreement between calculateg) g kcal/mol at B3LYP/CBSB7/IEFPCM level, which suggests
and measured values for the thermochemistry of stable species, very fast reaction in the order that has been observed in the

is good, and so we continue investigating the potential energy jiterature. The forward reaction is less likely to proceed from
surfapes (both gas phase and solution phase) for the followingihe neutral HON@molecule, as it exists predominantly as H
reactions: and NG~ ions in solution. Even if the rate constant for the
molecular reaction were higher, the rate of the reaction will not
HONG + HONG, =~ ONONG, + H,0 be appreciable because of a concentration of undissociated
(TS1) k,andk_;) (20) HONO;, molecules. Instead it could be a multistep heterogeneous

HNO, + HONO, — O,NNO, + H,0 reaction involving fast equilibriums.
(TS2) (eandk_,) (21) HONO + H" =H,0 + NO*

HONO + HONO— ONONO+ H,O

HONO, = H" + NO;”
(TS3) ksandk_y) (22)

+ - .
HONO + HNO — N,0O, + H,0 NO™+NO; = N0, (or 2NG,)
(TS4) K,andk_,) (23) All these reactions proceed on the attractive potential and so
they are not characterized by specific transition states and are
HONO, + HNO — H,0 + O,NNO diffusion limited. The third-order rate constant value (50
(TS5) ksandk_s) (24) 103 M~2s1 at 298 K) reported in the literature fé&g cannot
be compared with the second-order transition state theory (TST)
As listed in the Introduction, P04 and NOs are the intermedi- estimate. The activation energy reported by Schmid and®Bahr
ates in the autocatalytic scheme proposed by Stedman. Hereinfor the third-order reaction is 18.3 kcal/mol (as measured by
we explore their formation rate constants from the corresponding Abel and SchmiéP) and the Arrhenius plot of this reaction after
acids. The transition states obtained for these five molecular appropriate correction for nonideality leads to a barrier height
reactions at the B3LYP/CBSB7/IEFPCM level of theory are of 15.9 kcal/moR® The calculated barrier height for the
presented in Figure 1. All transition states are well-defined. In molecular elementary reaction between HONO and HQNO
almost all cases, we found theXDH bond was almost broken,  found to be lower (13.3 kcal/mol).
and the analysis of the eigenvector corresponding to the sole Schwartz and Whi# recommended a value of 5.6 ¥s™!
negative eigenvalue of the force constant matrix demonstratesfor ks at 25°C. Park and Le® determined a value of 13.4 ™
a dominant contribution from the migration of H with this OH s™1 at 22°C. Our calculated value of 3.2 M s1 is in good
group. In Table 3, we list the important characteristics of these agreement with Schwartz estimates. It must be stated that the
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TABLE 3: CBSQB3 Calculated Barrier Heights (ZPE Corrected) for the Gas-Phase and B3LYP/CBSB7/IEFPCM Barrier
Heights for the Solution Phase, Magnitude of the Imaginary Frequencies, Value of the Rate Constant (éfmol s)) at 298.15 K,
and the Modified Arrhenius-Fitted Parameters for the Reaction in Aqueous Solution

reacn Eo(gas) Eo(soln) v(gas) v(soln) k(9)(298K) k(soln)(298K) A n E/R
20 10.6 13.3 742 737 1.7E2 1.2E3 4.9E2 2.59 6037
21 31.0 29.7 1019 509 5.4E-13 2.1E-12 6.7E0 3.29 14 220
22 17.3 9.7 1025 1012 5.0E-3 3.2E3 6.5E2 2.58 4106
23 22.2 145 1227 1253 1.4E-6 0.66 2.6E1 2.87 6250
24 36.0 30.7 1285 1381 7.0E-16 21E-12 6.2E3 2.26 14 450

TABLE 4: CBSQB3 Calculated Barrier Heights (Zero Point Energy (ZPE) Corrected) in Gas-Phase and B3LYP/CBSB7/
IEFPCM Barrier Heights in Solution Phase, Magnitude of the Imaginary Frequencies, Value of the Rate Constant (cA(mol s))
at 298.15 K, and the Modified Arrhenius-Fitted Parameters for the Formation of NHFONO,* and NH;ONO™* Intermediates in
Aqueous Solution

reacn Eo(gas) Eo(soln) v(gas) v(soln) k(g)(298K) k(soln)(298K) A n E/R
25 24.3 30.5 559 734 1.4E-6 2.1E-13 0.83E2 2.86 14 880
26 12.3 39.3 143 280 6.2E1 6.5E-19 0.29E5 2.31 19 460
27 3.4 24.1 133 365 8.5E8 2.2E7 0.33E6 2.04 11810
28 77.0 95.0 597 803
29 68.0 614
30 9.2 350 8.8E3 8.66E4 2.03 4131
31 3.2 334 2.2E9 7.30E6 1.65 1130
32 1.2 816 1.1E10 1.9E4 2.14 168.8
33 1.0 865 1.1E12 9.4E6 1.86 145.5

CBSQB3 barrier for this reaction is'5 kcal/mol higher than

the B3LYP/CBSB7 barrier and the latter is in good agreement
with experimental data. The complete basis set procedure was
originally developed and parametrized for gas-phase thermo-121g
chemistry, and it is understandable if extrapolations using 1 260\
smaller basis sets in the presence of SCRF do not explain the 86

solution phase energetics equally accurately. For the sake Ofgjgyre 2. B3LYP/CBSB7/IEFPCM optimized geometries of ien
consistency, in our systematic exploration of rate parameters, molecule reactions leading to NBINO;" and NHONO* intermediates.
we adopt the BSLYP/CBSB7/IEFPCM results. The value of bond length along the forming and breaking bonds in the
Formation of the Intermediate, NH;ONO," and NHz;ONO™. reaction coordinate is given in angstroms.
As highlighted in the Introduction, NQ NO,", NO*, NO,",
N,O,, and NOs are the reactive intermediates from nitrous and is a measure of the extent to which the electronic distribution
nitric acid. Consequently, reactions 4 and 9 in the proposed over a molecule can be distorted by the electric field of charged
mechanism could proceed through reactions between hydroxy-particles or dipolar molecules. Consequently, in contrast to gas-
lamine and one of these reactive intermediates. Furthermore,phase reactions, reactions involving ions, polar molecules, and
as stated earlier in the Introduction, hydroxylamine could exist charged-transition states occur readily in a solution. In addition,
in the protonated, NkOH*, unprotonated, NEDH, or the intermediates are at equilibrium concentrations in solution while
complexed form, NHOH-NOs;_ Consequently, we explored a in gas phase are often found in steady-state concentrations. Often
large number of reactions between hydroxylamine and nitrous/ the reaction kinetics in solution is dictated by the diffusion rate
nitric acid and the reactions investigated in this work can be rather than the reaction rate, and this is especially the case for

broadly categorized as the following: fast ionic reactions.
(i) lon—molecule reactions involving hydroxylammoniumion  lon—Molecule Reactions Involving Hydroxylammonium
(NHzOH™). lon (NH30H™). Here
(i) lon—radical reactions involving hydroxylammonium ion
(NH3OH™). NH,OH" + N,O, — NH,ONO," + HONO (TS6) (25)
(i) lon—ion reactions involving hydroxylammonium ion
(NH3OH"). NH,OH" + HONO, — NH,ONO," + H,0 (TS7) (26)

(iv) lon—molecule reactions involving HAN (N$©OH-NO3).

(v) lon—molecule reactions involving Hydroxylamime (I¥H NH,OH" + HONO— NH,ONO" + H,0  (TS8) (27)
OH).

All these reactions were investigated both in the gas phaseThe optimized geometries of TS6, TS7, and TS8 are shown in
and in the solution phase at CBSQB3 and B3LYP/CBSB7/ Figure 2. All of them are late-transition states and the eliminating
IEFPCM levels. The calculated barrier heights (Table 4) differ products HONO or KO are nearly formed. The reaction
significantly between the two phases. Before discussing the coordinate beyond the transition state seems to be the formation
results, it is worthwhile to review the basics of how a solvent of the O-N bond in the intermediate. The barrier heights and
can influence reactions in solutions. The solvent modifies the fitted-rate parameters for these reactions are tabulated in Table
electrostatic interactions between charges. It reduces the field4. In all these reactions there is a discrete charge on one of the
strength due to the charges, it reduces the forces acting on theeactants and a dipole on the other. In the thermodynamic
charges, and it reduces the potential energy of interaction formulation of the transition- state theory, the free energy of
between the charges. The solvent reduces these quantities by activation in solution should be equal to the sum of free energy
factor of its relative permittivitye,.. The solvent restricts the  of activation in the gas phase and the electrostatic interactions
movement of reactants by its viscosity, Its polarizability,a., arising from the charge and the solvent for ideal conditions
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attacking nitrosonium or nitronium ion with the oxygen of NH
OH™. Qualitatively, in these reactions, the activated complexes
have a larger charge than either of the reactants and all three
ionic species are solvated. However, the activated complex
orientates the solvent considerably more than the reactant ions,
and hence the entropy of activation decreases. As can be seen
from Table 4, formation of intermediates is more favored
through an ior-ion reaction as compared with the iemolecule

and ion-radical reactions discussed earlier. The optimized
geometries of both the transition states are given in Figure 3
and the transition-state characteristics are tabulated in Table 4.

lon—Molecule Reactions Involving the Complex, NHOH-
Figure 3. B3LYP/CBSB7/IEFPCM optimized geometries of ien NO3 (HAN). Here

radical and ior-ion reactions leading to N4ONO," and NHSONO*
intermediates. The value of bond length along the forming and breaking
bonds in the reaction coordinate is given in angstroms.

HAN + NO," — NH,ONO," + HONO, (TS13) (32)

corresponding to zero ionic strength. In a qualitative sense, these ~ HAN + NO" — NH,ONO" + HONO, (TS14) (33)
reactions are neither associative nor dissociative but are bimo-

lecular reactions leading to two product molecules often referred The most stable structure of the complex HAN involves
to as interchange reactions. The electrostatic term involving hydrogen bonding with both NH and O-H bonds of NHOH
charge and the solvent or the change in solvation pattern onwith two oxygens of N@ . The incoming NO or NO," ion
forming the activated complex is expected to contribute little has the potential to form a complex with the oxygen lone pairs.
toward entropy of activation in solution as compared with the The optimized geometries of the transition states are shown in
gas phase\(ASf) ~ 0, and the major contribution should come  Figure 3 and the transition-state characteristics are tabulated in
from change in internal modes of the reactant species. Similarly, Table 4 together with fitted rate parameters. The most favored
the enthalpy of activation in solutiohH,, is larger than that ~ pathway for the formation of the intermediates seems to be the
in the gas phase for an iemolecule reaction because of the reaction of NO/NO," with the HAN complex. The planar
charges, viz., the electrostatic term involving charge and solvent. NOs~ group in HAN provides the bridge for facile proton
We observe nearly the same qualitative trend in our TST resultstransfer. Interestingly, at 298 K, the rate constant for the
calculated from partition functions in solution. The rates of formation of NHHONO™ is nearly 2 orders of magnitude larger
formation of intermediates are too slow, and consequently; ion than that for NHONO,". Furthermore, as discussed in the
molecule pathways are not favorable (Table 4) for the formation Introduction for the equilibrium HON©+ H* = H,0 + NO,™,

of the reactive intermediates in solution. the concentration of N@ is much lower than that of NOdue
lon—Radical Reactions Involving Hydroxylammonium to the small concentration of undissociated neutral nitric acid
lon (NH3OH™). Here (pKa = —1.44). Consequently, the intermediate for the scaveng-
ing reaction NHONO™ would form to a greater extent compared
NH,OH" + NO,” — NH,ONO," + H* (TS9) (28) with the intermediate for the autocatalytic reaction,3NO,",

and the relative importance of reactions 32 and 33 depends also
NH30H+ + NO — NHSONO+ +H (TS10) (29) upon the equilibrium constant for the reaction, HANNH;-

OH' + NOs™.
The transition states for these reactions are shown in Figure 3. lon—Molecule Reactions Involving Unprotonated Hy-
Analysis of the eigenvector corresponding to the negative droxylamine (NH,OH). Here
eigenvalue of the force constant matrix suggests the reaction
coordinate to be an asymmetric stretch, viz., the cleavage OfNHZOH + NO," — "NH,(NO,)OH
O—H bond and formation of ©N bond. The unprotonated .
hydroxylamine can be isomerized to the amineoxide; Nt . AHg,{298K) = —29.9 keal/mol (34)
This reaction is endothermic by 24.6 kcal/mol and has ap- + .+
preciable barrier~50 kcal/mol in the gas phase. At the transition NH,OH + NO, NH,(ONO)OH
state, it appears that NHO~ moiety of NHkOH* is attracted AHg,{298K) = —33.9 kcal/mol (35)
toward NO and NQ* and the barrier arises from the bond . n
energy of O-H bond in NHOH*. However, as can be seen NH,OH+ NO,” —NH,0"(NO)H

from Table 3, ior-radical reactions are extremely unlikely. AHga5(298K)= —14.2 kcal/mol (36)
lon—lon Reactions Involving Hydroxylammonium lon
(NHZOH™). Here NH,OH + NO" — "NH,(NO)OH

NH,OH"-H,O + NO," — NH,ONO," + H,0" (TS11) AH;{298K) = —33.1 keal/mol (37)

(30) NH,OH -+ NO™ — NH,O"(NO)H
NH;OH"*H,0 + NO" — NH;ONO" + H,0" (TS12) AHg,{298K) = —20.0 kcal/mol (38)

31

(31) Similar to protons, the NO and NQ* ions are capable of
The reactant NEDH™ is complexed with the solvent water complexing with hydroxylamine using the lone pair of electrons
molecule via hydrogen bonding through its-8& bond with on nitrogen or the oxygen. As observed in the case of PA, both
lone pair electrons of the oxygen in8. lon—ion reactions in the gas and solution phase, the complexation is more favored
involve displacement of a proton between hydroxylammonium at the nitrogen atom than at the oxygen atom of ,8H.
and water with the simultaneous bond formation between the However, the NO and NQ™ binding enthalpies are consider-
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ably smaller than the corresponding PAs. This is because at
any given separation, the electrostatic energy released upon

charge expansion from the free ion to the-igreutral complex

is considerably smaller for NOand NQ* than for H.
Furthermore, H is able to approach the nucleophilic center to
a much shorter distance than N@nd NGQ™. In solution, *-
NH2(NO2)OH and™NH2(NO)OH are stabilized relative to NH
OH + NO™/NO2* by approximately 27.4 and 19.2 kcal/mol.

The importance of these pathways in autocatalytic and scaveng-
ing reactions depend on the relative concentration of unproto-

nated hydroxylamine, viz., the equilibrium constant of the
equilibrium, NHSOH™ == NH,OH + H™, in acidic medium. The

overall rate constants of these association reactions are diffusion

limited.

Summarizing so far, the rate of formation of intermediates
and their concentrations are controlled by the following
equilibria:

NH,OH + HONO, == HAN
HAN = NH,OH" + NO;~
HONO,=H" + NO,~
HONO=H" + NO,"
HONO+ H" = H,0 + NO*
HONO, + H" = H,0+ NO,"
NH,OH + H" = NH,OH"
NO* + NO,” = N,O, = 2NO,
NO" + NO, = N,O,=NO" + NO,’
and reaction sequences
NH,OH"*H,O + NO," — NH,ONO," + H,0"
NH,OH"-H,0 + NO* — NH,ONO" + H,0"
HAN + NO," — NH,ONO," + HONO,
HAN + NO" — NH,ONO" + HONO,
The importance of the intermediate MNBNO," depends on the
available concentration of NO in the reaction medium.

Formation of HNO in the Autocatalytic Reaction via the
Decomposition of the Intermediate NBONO," and NHs-

TS23

Figure 4. B3LYP/CBSB7/IEFPCM optimized geometries of transition
states leading to the formation of HNO and HONO from J@MO, ™

and NHONO" intermediates and as well from NBH. The value of
bond length along the forming and breaking bonds in the reaction
coordinate is given in angstroms.

TABLE 5: B3LYP/CBSB7/IEFPCM Barrier Heights in
Solution Phase, Magnitude of the Imaginary Frequency,
Value of the Rate Constant (cn¥/(mol s)) at 298.15 K, and
the Modified Arrhenius-Fitted Parameters for the Formation
of HNO from NH 3;0NO," and NH3;ONO™ Intermediates and
H-Abstraction Pathways in Aqueous Solution

reacn Eo(soln) wv(soln) k(soln)(298K) A n E/R

40 21.6 184 8.67E-5 2.33E7 1.61 10580
41 14.8 590 6.65E1 1.61E5 2.73 7036
42 41.8 904 2.9E-20 4,6E5 1.85 20430
43 31.3 904 6.5E-13 25E2 2.84 14830
44 34.8 18056 5.61E-18 39E2 181 16690
45 41.1 1066 1.34E-21 2.8E4 1.46 19850
46 7.9 896 3.06E5 2.64E5 1.97 3294
47 4.8 629i 6.55E5 6.88E2 2.11 1632
48 3.9 474i 3.61E6 1.37E3 2.06 668.8
49 15.6 1066i 3.01 2.19E5 2.08 2416

in Table 5. It must be stated, however, that the concentration
of NO," in the medium is very small; consequently, it is unlikely
for the HNO formation to proceed through NBINO,™ inter-
mediate.

Another possible pathway is via the NBINO* intermediate
by the loss of a proton to a solvent molecule followed by
hydrogen abstraction from NNONO by NG".

NH,ONO + NO, > HONO + HNO + NO  (41)

The transition state for hydrogen abstraction is depicted in Figure

ONO*. The formation of HNO was suggested as a slow reaction 4. The rate of this bimolecular hydrogen abstraction is relatively

(reaction 9) in Stedman mechani§i®ne possible pathway for

slow compared with the competitive unimolecular reaction

the formation of HNO consists of three elementary steps: (a) channels starting from Nd#DNO. Unimolecular reactions of

formation of NHHONO,™, (b) its deprotonation from the nitrogen

NH2ONO will be discussed under the section of scavenging

site, and (c) reprotonation at the oxygen site with simultaneous reaction pathways. However, this pathway could be important

O—N bond cleavage.

NH,ONO," + H,0 — NH,ONO, + H,0"

L TS15

NH,ONO, + H,0" —

(39)

NH,O" + HONO+ H,0 (40)

in the autocatalytic mechanism at high B®H" concentrations.
Under this condition, the scavenging reaction would become
dominant over autocatalytic since most of NHH' would exist

as NHONO™ and the unimolecular isomerization (as shown
below) from O-nitrosation (NEDNO) to N-nitrosation (NH
(NO)O) is faster than the bimolecular reaction rate witho,NO

Many attempts were made to find the five membered transition radical.

states for the synchronous 1,4- H migration in J0MO, and
as well in NHKONO,™ without success. The most promising

Autocatalytic Reaction Pathways without the Involvement
of NH3ONO,* or NH30ONO™ Intermediate. In our systematic

route is the attack of a proton at the oxygen end of the nitro investigation, we also explored the possibilities of simple

group in NHONO,. Optimized transition state is shown in

hydrogen abstraction steps leading to HNO. The elementary

Figure 4, and the transition state characteristics are tabulatedsteps involved in these pathways are
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TS17

NH,OH" + NO, —NH,0"+ HONO  (42)

TS18

NH,OH" + NO,” —— NH,OH" + HONO  (43)

TS19

NH,0" + NO, —— NH,0" + HONO —

HNO + H™ + HONO (44)
TS20

NH,OH" + NO,’ —— NH,O" + HONO—

HNO + H" + HONO (45)

TS21

NH,OH + NO,” —— NH,O" + HONO  (46)

TS22

NH,O*+ NO,"—— HNO + HONO (47)

As can be seen from Table 5, ieradical reactions are
extremely unlikely. The Cartesian coordinates of-ioadical

transition states are provided as a supplementary table. The most

favorable pathway for HNO formation seems to be from the

unprotonated hydroxylamine via successive hydrogen abstraction

by two NG, radicals. This is in agreement with the earlier
proposition from Pembridge and Stednfafihe rate of auto-
catalytic reaction will therefore depend on the available unpro-
tonated hydroxylamine concentration and N@dical. Experi-
mentally, with increased [HON{D) the rate constant for
autocatalytic generation of nitrous acid decreases slightly and
is probably due to the decreased [pO®H] at high acid strengths.
HNO once formed can react with another molecule of
dinitrogen tetroxide or can transfer its hydrogen atom, via
hydrogen abstraction, to NO Both processes have been
considered in the present work (see Figure 4), and the kinetic
parameters are included in Table 5. We found molecular
elimination to be more favorable than radical abstraction.

TS23

HNO + N,O, 2> HONO + N,O, (48)
HNO + NO, 2+ HONO + NO' (49)
NO' + NO, — N,O, (50)

In summary, according to our calculations, the series of
elementary steps involved in the mechanism of autocatalytic
reaction of hydroxylamine are as follows:
HONO,=H" + NO,~
HONO+H"=NO" + H,0
NO" + NO,” =N,0,
N,O, == 2NO,’
NH,OH + H" = NH,OH"
NH,OH + NO,” — NH,O* + HONO
NH,O" + NO,” =~ HONO + HNO

HNO + N,O, (2NO,’) — HONO + N,O,
N,O; + H,0 — 2HONO

Raman et al.
NH,OH"-H,0 + NO" — NH,ONO" + H,O"
NH,OH"*H,0 + NO,"” — NH,ONO," + H,0"
NH,OH" + NO,;” = HAN
HAN + NO* — NH,ONO" + HONO,
HAN + NO," — NH,ONO," + HONO,
NH,ONO" + H,0 — NH,ONO + H,O"
NH,ONO + NO, —~ HONO + HNO + NO
NH,ONO, + H,0" — NH,0" + HONO + H,0
NO + NO, — N,O,
N,O, + H,0 — 2HONO
Decomposition of the Intermediate NHONO™ to N,O and
H,O: PES for the Scavenging Reaction.The following

reaction sequence is considered for scavenging based on
available literature data.

NH,ONO" — NH,ONO (51)
NH,ONO 23 H,N(NO)O (52)
NH,ONO-2H,0 2~ H,N(NO)O-2H,0  (53)
H,N(NO)O 23 NH(NO)OH (54)
H,N(NO)O-2H,0 2 NH(NO)OH (55)
NH(NO)OH 2% HONNOH (56)
HN(NO)OH 22 N,O + H,0 (57)
HONNOH 2 N,O + H,0 (58)
NH(NO)OH > HNNO" + H,0 (59)
HNNO" + H,0 — N,O + H* + H,0 (60)

Optimized geometries of transition states TS25 and TS26 are
shown in Figure 6. The transition states TS25 and TS26 were
obtained both in the presence and in the absence of explicit
water molecules. It should be pointed out from the outset that
in IEFPCM calculations one is mainly focusing on the electro-
static interactions between the solvent (bulk water) and the
reacting system and does not consider explicit hydrogen bonding
between water and the reacting system. The neglect of the role
of isolated water molecules could lead to a predicted mechanism
that might be too different from the real processes taking place
in solution. To address this issue, two extra water molecules
were added to the reaction of 1,2-H and 1,2-NO migrations
(TS25 and TS26). Explicit water molecules have been shéwn

to influence the barrier height for the 1,2-proton migration in
NH,OH,;* — NH3OH™. Similary, 1,2-H migration is favored

by the inclusion of explicit water molecules. The barrier heights
for these reactions are computed as the energy difference

The schematic potential energy surface of these reactions isbetween the complex NMONO-2H,O (or H:N(NO)O-2H,0)

shown in Figure 5. In addition to this major channel, a minor
contribution could be expected from NBINO™ and NHLONO,™
intermediates as well

and the corresponding transition states with the assumption that
the basis set superposition error (BSSE) effects, which are
present in reactants and in the TS, nearly compensate each other.
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- 2.8
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NH,0 + HONO + 8.9
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Figure 5. B3LYP/CBSB7/IEFPCM schematic potential energy surface
for the free radical pathway leading to autocatalytic generation of
HONO in reactions of hydroxylamine with nitric acid. Relative energies
are given in kcal/mol.

1797

TS25°

Figure 6. B3LYP/CBSB7/IEFPCM optimized geometries of isomer-

ization transition states of the intermediates involved in the scavenging

reaction, with and without explicit solvent water molecules. The value
of the bond length along the forming and breaking bonds in the reaction
coordinate is given in angstroms.

TABLE 6: B3LYP/CBSB7/IEFPCM Barrier Heights in
Solution Phase, Magnitude of the Imaginary Frequency,
Value of the Rate Constant (cnd/(mol s)) at 298.15 K, and
the Modified Arrhenius-Fitted Parameters for the Reactions
Involved in the Scavenging Reaction of HONO by NHOH

reacn Eg(soln) wv(soln) k(soln)(298K) A n E/R
52 17.6 198 0.52 1.37E12 0.22 8889
53 13.2 195 9.81 9.1E8 0.72 6690
54 34.9 1668  0.14E-12  3.90E9 0.78 4330
55 9.99 1088  1.32E5 1.92E12 —0.32 4603
56 8.6 3150  2.44E8 1.16E14 —0.29 4114
57 59.3 182p
58 20.1 1206  5.52E-2 7.8E12 —-0.05 9883
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TS27 TS29

Figure 7. B3LYP/CBSB7/IEFPCM optimized geometries of decom-
position transition states leading ta® formation from hyponitrous
acid and NH(NO)OH. The value of the bond length along the forming
and breaking bonds in the reaction coordinate is given in angstroms.

22
00/ 45
NH3OH* + NO* §
227 {-15.6 m)o
ml,ﬁilh___‘ -25.6

%30.4/

HNO +NO + -34.6
NH,ONO HONO T
+No, 432
NH(NO)OH :
HONNOH
i84.3
P
N,0 +H,0

Figure 8. B3LYP/CBSB7/IEFPCM schematic potential energy surface
for the unimolecular reaction involved in the scavenging pathway. The
solid line represents the bimolecular reaction, and it connects the
pathway originating from NEONO and leading to the autocatalytic
reaction. Relative energies are given in kcal/mol.

H-migration is rather small, and one would expect a competitive
protonation and H-migration from NH(NO)OH. The barrier for
elimination is quite high and therefore an elementary step
proceeding through TS29 is less likely. We also investigated
the formation of NO from hyponitrous acid via 1,3- elimination

of water (TS28) (Figure 7). However, the barrier height for
elimination is~21 kcal/mol. This is in contradiction to the
proposition by Stedman and co-workers to be a fast step. Bennett
et al® has postulated hyponitrous acid to be an intermediate to
explain the formation of Blas one of the reaction products at
high acid strength and low hydroxylamine concentrations.
HONNOH once formed could undergo competitive protonation
or nitrosation depending upon the concentration ofsG8IH"

and the ionic strength. At low concentrations of [B®H™], as
proposed by Bennett et al., nitrous acid will get protonated
leading to the formation of NQ which then reacts with
HONNOH to form N.

HONO+ H"=H, 0+ NO"

It is interesting to notice that the second water molecule acts asNO" + HONNOH— HONNONO+ H* —

a catalyst, whereby it abstracts a hydrogen from the amino group

of NH2(NO)O and donates another hydrogen to the oxygen of
nitrosoamineoxide (Figure 6). The transition-state structure

NO,+ OH + N,

Otherwise, it would undergo further protonation leading N

involves a seven-membered ring which contains the two water
molecules and the HN—O moiety of NH,(NO)O. Comparing

the results in the presence and absence of explicit water
molecules, it is clear that the intrinsic barrier corresponding to Consequently, the rate-determining step in the scavenging
the hydrogen transfer decreases (Table 6) significantly with mechanism is the formation of nitrosoamineoxidgNKNO)O).
explicit water molecules. The decrease in the barrier is mainly The calculated rate constant for this step is in agreement with
due to a change in the mechanism as a result of hydrogenthe experimentally determined overall scavenging rate constant.
bonding of the water moiety to the substrate. The schematic PES for the scavenging reaction computed at

NH(NO)OH can either undergo further protonation, 1,3-H the B3LYP/CBSB7/IEFPCM level is shown in Figure 8. In

migration leading to hyponitrous acid via TS27 (Figure 7) or summary, scavenging reaction proceeds through thgONKD*
1,1-elimination of HO via TS29 (Figure 7). The barrier for intermediate and the rate-determining step is the isomerization

HONNOH+ H" —HONN" + H,0 —~ N,O + H"
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of O-nitrosated hydroxylamine (NM®NO) to N-nitrosated to better understand the size of the solvation shell and the
hydroxylamine NH(NO)O. Both hyponitrous acid and NH-  physics behind the specific number of solvent molecules in the
(NO)OH would preferably undergo further protonation, leading shell.
to loss of water and formation of J9.
Supporting Information Available: A table of B3LYP/
Conclusions CBSB7 optimized Cartesian coordinates of the transition states
corresponding to ionradical reactions involving the hydroxy-
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